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O1~  THE  CAUSE  OF  THE  HEART  BEAT.* 
BY  W.  T.  PORTER. 
(From the Laboratory  o[ P;~ysiology ~n the Harvard Medical. ~cheol.) 
A  few years  ago  the writer  of this  paper  published in  Pfiiiger's 
Archiv (1)t an account of some experiments directed against the idea 
that the beat of the vertebrate and especially the mammalian heart is 
caused by rhythmic impulses discharged by a narrowly circumscribed 
group of nerve cells (2).  These experiments consisted in the making 
of infarcts in the dog's heart by keeping the animal alive a{ter the 
ligation of one or more of the main coronary arteries.  It was found 
that all parts of the heart could be successively infarcted, in a  series 
of animals, without arresting the contractions.  The knowledge that 
the muscle fibres in an infarcted area show signs of death soon after 
ligation of their supplying artery (3) justified the assumption that the 
cardiac nerve  cells,  confessedly more highly differentiated than  the 
muscle  fibres,  would  rapidly  perish  when  deprived  of  their  blood 
supply.  From  these  premises was  made  the  deduction that  hearts 
which carried on their work in the living animal hours and even days 
after the infarction  of a  vascular  area  could not  be  dependent for 
their contraction on nerve  cells situated in the infarcted area itself. 
As any part of the ventricle may be thus infarcted without stopping 
the contractions of the heart, it follows that the cause of the contrac- 
tion cannot be the discharge of rhythmic impulses from a  narrowly 
circumscribed group of nerve cells lying at some definite point in the 
ventricular septum. 
In searching for a further proof of the incorrectness of the circum- 
* The  results  of  these  experiments,  except  that  of  April  21,  were  lald 
before  the  Boston  Society  of  Medical  Sciences,  March  30,  1897, and  an 
abstract was published in No. 10 of the Jo~r~a~ of the Bos~,~ ~oc{ety of Medical 
Sciencee, March 30, 1897.  The full paper was presented at the meeting of the 
American Physiological Society in Washington, May 5,  1897. 
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scribed-co-ordination-centre hypothesis,  it  occurred  to  me  that  the 
parts in which these centres are supposed to lie might be cut out of the 
heart without stopping its contractions, provided the nutrition of the 
remainder of the heart was  maintained.  On  March  22,  1897,  this 
idea was put to the test.  The isolated heart of a cat (4) was made to 
resume  its  regular  contractions  by  feeding  the  coronary  arteries 
through the aorta with defibrinated cat's blood.  While the heart was 
in full play the right ventricle was separated from the left  and  the 
interventricular septum cut out.  Both right and left ventricles con- 
tinued their rhythmic contractions. 
Two days later  a  more extended experiment was  made.  2~  cat's 
heart was cut out of the body and fed through the coronary arteries 
with cat's blood diluted with  0.8  per cent sodium chloride solution. 
Co-ordinated contractions were secured.  The right ventricle was then 
almost wholly separated from the left, yet both ventricles continued 
to beat in unison.  The interventricular septum was now extirpated. 
Still both ventricles continued to beat.  On slitting each ventricular 
portion from apex to  base,  the incisions being carried almost to  the 
auricles, the four pieces beat synchronously. 
On the afternoon of that same day a  step farther was taken.  A 
cannula  was  tied  into  the  circumflex branch  of  the  left  coronary 
artery in the heart of a cat, and the portion of the ventricle supplied 
by  the  circumflex cut  out.  On  feeding this  extirpated  piece  with 
defibrinated cat's blood through its nutrient artery, rhythmic contrac- 
tions  of  parts  of the  fragment were  obtained.  At  first  a  papillary 
muscle contracted regularly;  later  this  ceased,  and  another part  of 
the wall took up the contraction. 
Two days thereafter, a cat's ventricle which had been cut into strips 
in  the manner described in  the first  experiment of March  24,  con- 
tracted strongly for two and three-quarter hours, and feebly for three- 
fourths  of  an  hour  longer.  Graphic  records were  taken  from  this 
heart with an ordinary muscle lever fastened to the end of one of the 
ventricular strips. 
The experiments were now transferred to the dog. 
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with morphia  and  ether, was bled from the left carotid  artery, and 
the blood whipped, strained through glass wool, and diluted with an 
equal volume of 0.8 per cent normal saline solution.  :Normal saline 
of the same strength, made with tap water, and having a temperature 
of about 36 ° C., was meanwhile allowed to flow into the right jugular 
vein.  After a short interval the dog was again bled from the carotid 
artery.  The product of these bleedings was mixed and placed in  a 
reservoir at the temperature of the body.  The heart was now extir- 
pated, a cannula tied into the ramus descendens of the left coronary 
artery,  the interventricular septum  and  the  auricles  completely cut 
away, and all the ventricle removed except that portion supplied by 
the descendens itself.  The cannula was then connected to the reser- 
voir of warm blood mixture, and the piece of ventricle perfused with 
the blood at a constant pressure, which to begin with was about 30 ram. 
Hg., but which was afterwards raised to 90 ram. Hg.  The blood en- 
tering the cannula was bright arterial red; that emerging by the coron- 
ary vein was venous blue.  In a few moments the ventricle began to 
beat with great vigor,  shortening about seven millimetres in vertical 
diameter.  An  ordinary muscle lever,  magnifying eight  times,  and 
weighted with 40 grammes, was fastened to a hook thrust through the 
apex,  and  recorded  curves  about  50  mm.  in  height.  The  curves 
showed some irregularity both in force and frequency.  The ventricle 
beat more rapidly when surrounded with blood at the temperature of 
the body than at room temperature, but the character of the contrac- 
t-ions remained unchanged.  At 1 P. ~[., after writing curves for one 
hour, the ventricle was thrown into strong ilbrillary contractions by 
stroking its surface with the electrodes of a Du Bois-Reymond induc- 
tion coil (tetanic stimulation).  Five minutes later good co-ordinated 
contractions  returned.  Forty  minutes  thereafter  the  ventricle  was 
thrown a  second time into fibrillary contractions, from which it soon 
recovered.  Two and three-quarter hours after the ventricle began to 
beat the experiment was broken off.  The contractions were by this 
time very feeble, but still unmistakably co-ordinated. 
Experiments similar to  this  were repeated on five dogs  and  three 
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when supplied with the animal's own blood at a normal temperature 
and pressure.  Even pieces cut off roughly and left lying on the table 
for an hour may give strong and long-continued rhythmical contrac- 
tions when fed with blood.  Occasional failures occur, but these are 
exceptions.  The return of rhythmical contractions is  secured in  the 
greater number o£ experiments. 
It  follows  from  these  experiments  that:  (1)  The  cause  of  the 
rhythmic  contraction  of  the  ventricle  lies  within  the  ventricle  itself. 
(2)  The cause of the rhythmic contraction is not a single  localized co- 
ordination centre; the co-ordination mechanism, whatever it may be, is 
present  in all parts  of the ventricle.  (3)  The  integrity  of the  whole 
ventricle  is not essential  to  the  co-ordinated  contraction  of a  part  of 
the  ventricle. 
It should be pointed out that long-continued spontaneous  contrac- 
tions  of  the  completely isolated  ventricle  are  here  secured  for  the 
first time.  The methods employed by Wooldridge and Tigerstedt (5) 
to isolate the ventricles were incomplete, in that a part of the auricles 
was left attached to the ventricles.  The ligature used by Wooldridge, 
and the atriotome employed by Tigerstedt, cannot be applied in such 
a way as to entirely separate the auricles from the ventricles (6) with- 
out compressing the coronary vessels in the auriculo-ventricular fur- 
row, and thus interrupting the blood supply on which the continued 
action of the ventricles depends. 
I  have already said that any part of the ventricle of the dog or cat 
will beat  rhythmically.  The  " apex"  of the ventricle is  no  excep- 
tion to this rule.  Contrary to the present universal belief of physio- 
logists,  it  is  not  impossible,  but  easy to  secure rhythmic,  long-con- 
tinued, spontaneous contractions from the wholly isolated "apex "  of 
the mammalian ventricle, as the following experiments will show. 
On :garch 29,  1897, the heart of a  dog, prepared as in the experi- 
ment of ~[arch 27,  was  cut out  and  a  cannula  tied  into  the ramus 
descendens of the left coronary artery not far from the apex of the 
left ventricle.  That part of the apex which could be fed through the 
cannula was then excised.  Both  apex  and basal  portion  fibrillated. 
The septum was removed.  The piece of ventricle secured was 28 mm. W.  T.  Porter  395 
in  length  (i. e.,  in  the  direction  from  the  base to the  apex),  23  ram. 
broad opposite the end of the cannula, and 27 ram.  broad at the some- 
what flattened tip of the apex.  The ventricle measured from base to 
apex  70  ram.  The part  cut  out  was,  therefore,  the  part  which  all 
observers (except Berkley) believe to be lacking in nerve cells.  The 
cannula  was  now  connected  with  the  blood  reservoir  and  the  apex 
perfused with blood.  In  a few moments regular  and  strong  contrac- 
Fig.  1.--From  the  experiment  of  March  29,  1897.  Curves  drawn  by  a 
muscle lever, magnifying 8 times, attached to the apical two-fifths of a  dog's 
ventricle, which had been cut away from the remainder of the ventricle, and 
was supplied with defibrinated dog's blood through a  cannula in the descen- 
dens artery.  The lower line gives the time in seconds.  The temperature of 
the  extirpated piece was about  30  C.  On  raising the temperature to  37  C., 
the  character of the  contractions was unchanged, but  their  frequency was 
much increased. 
tions  set  in.  Curves  were  recorded  with  an  ordinary  muscle  lever 
(Fig.  1).  During  systole  more  blood  escaped  from  the  veins  than 
during  diastole.  The  experiment  was  stopped  after  the  apex  had 
contracted  one  hour and  forty minutes.  During  a  part  of this  time 
the preparation was in a bath of blood at the temperature of the body. 
On  April  5,  the  apical  10  mm.  of a  dog's ventricle  (i. e.,  the  ten 
millimetres  nearest  the  apex,  measured  on the long  axis  of the  ven- 
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tricle) was perfused by the method described above and gave strong 
rhythmical contractions during several hours. 
These experiments demonstrate that the " apex "  of the mammalian 
heart  possesses  rhythmic  contractility.  Further,  assuming  that  the 
general belief in the absence of nerve cells from the apical portion of 
the  ventricle  is  correct,  they  demonstrate  that  nerve  cells  are  not 
essential to long-continued,  rhythmic,  co-ordinated  contractions  of the 
ventricle. 
The  revision  which  these  observations  necessitate  in  the  present 
teaching regarding the causation of the heart beat is evident.  Physio- 
logists,  as is well known, are at present divided into two schools, the 
one holding to the classic doctrine that the heart is made to  contract 
by impulses discharged by the nerve cells within its walls, the other 
maintaining that the contractions are produced by the rhythmic con- 
tractility of the cardiac muscle fibres (7). 
The nerve-cell hypothesis is attacked on the ground that the rhyth- 
mically contracting hearts of many lower forms, e. g., the gastropods, 
have no nerve cells at all (8), and on the ground that the heart of the 
mammalian embryo beats with faultless rhythm many hours  before 
nerve cells have settled in its walls (9).  To these powerful arguments 
are added others of probably subsidiary value.  In the frog the cardiac 
contraction begins in the great cardiac veins and extirpated pieces of 
these  veins,  in  which microscopical examination has  thus  far  failed 
to  show nerve cells,  give rhythmic contractions  (10).  The  apex  of 
the batrachian  heart,  believed by  all  observers  (except ]~erkley) to 
be wanting in nerve cells, will contract rhythmically when subjected 
to a constant stimulus, such as the galvanic or faradie current, pressure 
on the  endocardium, poisons  and various  chemical agents,  per~usion 
with old blood, and suspension for several hours in a moist chamber. 
In answer to these arguments, the advocates of the nerve-cell theory 
reply that no conclusion as to the rhythmic contractile power of the 
adult heart can be drawn from the embryonic heart, because it is well 
known that fully differentiated adult tissues lose many of the attributes 
of  embryonic tissues.  The  behavior  of  the  crustacean  heart  is  no 
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the profound phylogenetic gap between them,  ~oreover, the alleged 
absence of nerve cells from the hearts of these lower forms rests, for 
the most part,  on studies made with histological methods less perfect 
than  those  employed at  the  present  day.  This  older  teaching  has 
been  in  part  already  overthrown  (11).  As  to  the  "ganglion free 
apex," the experiment of :Bernstein (12)  is conclusive.  :By ligating 
or  squeezing  the  frog's  ventricle  across  the  middle  with  a  pair  of 
forceps, the tissues at the junction of the basal and apical portions of 
the ventricle can be crushed to the point at which physiological con- 
nection is  destroyed, although  physical continuity is  still  preserved. 
Such frogs have been kept alive  as long as six weeks.  Only excep- 
tionally does  the  apex  beat  again.  Finally,  that  the  apex  should 
contract in  response  to  a  constant  stimulus  is  not  surprising;  even 
curarized,  striated  muscle  contracts  more  or  less  periodically when 
placed in  certain saline solutions  (13).  No one  concludes from this 
that  these striated muscles contract rhythmically under normal con- 
ditions  in  the  body.  Why  then  should  this  conclusion  be  drawn 
from a similar experiment performed on the heart muscle (14)? 
Plainly the crucial point in this controversy is whether the apex, a 
, part of the ventricle believed to be lacking in nerve cells, can be made 
to  give  long-continued,  rhythmic, spontaneous  contractions.  If  the 
apex will do this, and if this part of the heart really contains no nerve 
cells, it is certain that nerve cells are not essential to the spontaneous, 
rhythmic contractions of mammalian heart muscle.  The probability 
that nerve cells in the heart are not concerned in  the production of 
the normal contraction will then be too great, to be overborne by any 
facts now in our possession. 
Certainly  the  negative  results  of  •erustein's  experiment will  be 
then  no  longer  of  importance.  The  value  of  this  experiment  has 
indeed been much exaggerated.  ~o part of the heart can be expected 
to  continue its  contractions long  after its  nutrition  is  cut  off.  The 
whole  force  of  :Bernstein's  experiment  lies,  therefore,  in  the  tacit 
assumption  that  the  nutrition  of the  apex is  still  maintained.  But 
this  is  a  mere assumption.  That  the  complex system of  branching 
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suffleiently open in ]3ernsteln's separated apex is  neither  certain nor 
probable.  On  the  contrary,  the  ease  with  which  the  apex  of  the 
mammalian heart is kept beating when properly supplied with blood 
suggests that the nutrition in Bernstein's batrachian  apex  could not 
have been properly maintained.  We may therefore leave Bernstein's 
negative results  and pass  to  the  questions  now before us:  Does  the 
apex really contain no nerve cells ? and can the apex be made to give 
spontaneous,  long-continued, rhythmic contractions~. 
It has already been said that the belief in the absence of nerve cells 
from the apex is well nigh universal.  There is,  in fact, but one dis- 
senting voice--Berkley (15),  in  a  preliminary communication to the 
Anatomischer Anzeiger,  announces that nerve cells are to be found in 
all parts of the mammalian ventricle.  Careful perusal  of Berkley's 
subsequent and fuller account in the Johns Hopkins Hospital Reports 
shows, however, that this is on tile whole a somewhat te~ative state- 
ment. 
Concerning  the  method  employed  in  his  investigations,  Berkley 
writes as follows:  " Our researches on mus  led us to  discard  almost 
entirely the rapid  Golgi method, but a  few preparations being made 
~or control specimens; as the picric acid prefixation not only furnished 
much better  stained preparations  of the  nerves  and  cell-like bodies, 
but also gave us sections with but a trifling amount of precipitate, and 
the muscular structure  quite  transparent  and  of a  faintly yellowish 
color, in contrast to the brownish non-transparent preparations, thickly 
strewn with particles of precipitated chrome silver, of the rapid Golgi 
method "  (p. 83). 
Those who have worked with the Golgi  method need scarcely be 
reminded that even a  " trifling amount of precipitate" is dangerous, 
especially in the heart, because of the similarity between many of the 
precipitated  chrome silver  particles  and  the  irregular bodies  of im- 
pregnated  nerve  cells.  The  danger  of  misinterpretation  would  be 
formidable, even if the nerve cells were numerous; how much greater 
must it  be in  Berkley's preparations,  in  which it  seems nerve cells 
were rare indeed.  " In the ventricle of the mouse," he says,  " clean 
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stained  specimens showed two,  or  even three  or  four  in  occasional 
preparations, but  they are never to be found except by accident, or 
after long-continued search.  In  one particularly fortunate prepara- 
tion, we once met three definite cellular bodies not more than 200/~ 
from the tip  of the left ventricle, but such an observation is  excep- 
tional"  (pp.  90-91).  It appears,  then,  that Berkley used only one 
of  several methods which have  been  successfully employed for the 
study of ventricular nerve cells; and that the method which he chose 
is confessedly not free from suspicion, in that it leaves in the ventricu- 
lar tissue precipitated particles which might easily have been mistaken 
for impregnated nerve cells. 
Let us turn now to the "nerve cells" of the apex.  "Three definite 
cellular bodies" in " one particularly fortunate preparation" from the 
ventricle  of the  moltse were .apparently  the  only  apical nerve  cells 
found by Berkley.  The search for them in the frog, in the sparrow, 
and in 120 sections of the dog's ventricle was fruitless. 
We have quoted at some length from the parts of Berkley's paper 
which deal with  nerve cells in  the  ventricle,  to  show  that  Berkley 
himself  has  no  great  confidence  in  their  presence.  In  one  place, 
indeed, he speaks of them as "questionable nerve cells" (p. 97).  This 
hesitation,  we presume,  explains the  omission from the  summary of 
conclusions of all mention of nerve cells in  the  apex,  although  the 
importance of this question is recognized on another page. 
Regarding the presence of nerve cells in the apex, we have, in short, 
on,the  one  hand  the  testimony  of  many  observers  whose  various 
methods have revealed nerve cells without difficulty in the basal part 
of the ventricle, but have failed utterly to show them in the apex of 
the same organ; and on the other, the statement of a single observer, 
who says that nerve cells are never to be found in the ventricle "except 
by accident or after long-continued search," and who, working with a 
method which confessedly gives precipitates often similar in form to 
the bodies of impregnated nerve cells, once saw '~ three definite cellular 
bodies" near the tip of the left ventricle.  Even if the bodies seen by 
Berkley were nerve cells, their presence in one section out of many 
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tion would not prove them to be normally present.  A  certain amount 
of variation is to be expected in the heart, as in other tissues; and it 
may well be  that in  an occasional heart the nerve cells will wander 
farther into the ventricle than is normally the case.  Such exceptions 
would prove nothing but the already sufiieiently well-known fact that 
some hearts are abnormal.  For these reasons we cannot accept the 
observations of Berkley as establishing a reasonable probability of the 
presence of nerve cells in the apex of the ventricle. 
The  present  state  of  scientific  opinion  being  overwhelmingly in 
favor of the freedom of the apex from nerve cells, it is  evident that 
spontaneous,  rhythmic,  long-continued  contractions  of  this  region 
establish the power of the heart muscle to execute such contractions in 
the absence of nerve cells. 
It may perhaps be said that the experiments described above fail to 
prove the spontaneous character of the contraction.  It may perhaps 
be urged that the blood with which the apex was fed became changed 
during  its  defibrination and  filtration,  ahd  acted  in  consequence of 
that change as an abnormal chemical stimulus to the cardiac muscle, 
producing thereby rhythmic contractions similar to those called forth 
by strong saline solutions and other chemical excitants.  I  shall not 
stop to point out the weakness of such an hypothesis--that is  evident 
at a glance, for it is certainly most unlikely that the blood should be 
so changed in the few minutes which pass between its withdrawal from 
the vessels and the establishment of the artificial circulation through 
the isolated apex.  I  shall content myself with furnisMng a new and, 
I  believe, conclusive proof that the apical contractions are truly spon- 
taneous. 
On April 21,  1897,  a  dog weighing 45  pounds received hypoder- 
matically  0.06  gramme  of  morphia  sulphate,  and  was  completely 
anaesthetized with ether.  Tracheotomy was then done, and the heart 
exposed by resecting the five upper ribs  on the left side.  The  peri- 
cardium was opened and stitched on either side to the margin of the 
thoracic wound.  The second chief branch of the ramus descendens in 
the  apical  region  on  the  anterior  surface of the  ven~icle  was  now 
freed from its bed for several millimetres, beginning close to its origin W.  T.  Porter  401 
from the main stem  of the descendens.  An  oval piece  of the  ven- 
tricular  wall supplied  by this  branch  was  then  separated  from the 
remainder of the ventricle in such a way that every trace of muscular 
connection between the two was lost.  The isolated piece remained in 
connection with the ventricle only by a  strip  of pericardium several 
mJ]]]metres  long,  which  supported  the  artery and  its  accompanying 
veins and was absolutely free of muscular tissue.  A  good supply of 
FIG. 2.--From  a photograph  of the heart of the dog of April 21, 1897.  The 
isolated  piece of the apex  of the left ventricle  gave long-continued,  spon- 
taneous,  rhythmic, co-ordinated contractions.  A, under surface of isolated 
piece; B, surface from which A was removed; C, bridge of pericardium  con- 
veying nutrient artery to A. 
blood  was maintained through the  artery.  The  piece  thus  isolated 
was 25 ram. long, 15  ram. broad, and 4 ram. thick at its thickest por- 
tion.  The left ventricle measured, from the origin of the ramus de- 
scendens to the apex, 75 ram. ; from the origin of the descendens to the 
isolated end of the basal piece, 50 ram.  Hence the latter was cut from 
"the ganglion free apex" (Fig. 2). 
On  tying a  thread to  the  end  of the isolated piece  and lifting it 
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contracting, but  its  movements could not be  observed to  advantage, 
because of the impulse imparted to it by the contractions of the ven- 
tricle pulling on the vessels which connected the piece to the ventricle. 
The vagus was therefore stimulated strongly enough to nearly stop the 
ventricle, allowing but an occasional beat.  The isolated piece could 
then be  seen contracting with  a  slow  but  perfect rhythm,  different 
from that of the ventricle.  The occasional beat of the ventricle was 
not accompanied by a contraction of the isolated piece.  After demon- 
strating the rhythmical contraction to several persons, the experiment 
was broken off, having been suceessflfily carried on during more than 
half an hour. 
The  contractions observed in  the isolated piece could hardly have 
been  excited by  changes of pressure  in  the  coronary vessels.  It  is 
well known that the pressure in the coronary vessels falls greatly when 
the  heart  is  arrested  by  vagus  stimulation.  The  occasional  strong 
contractions  of the  ventricle,  during  its  incomplete inhibition,  raise 
the pressure considerably; but  these wide and sudden variations had 
in  this  experiment no apparent  effect, the beat of the isolated  piece 
not being synchronous with that  of the ventricle.  The  contractions 
of the  isolated  piece of the  apex  observed in  this  experiment con]d 
not have been caused by the  current of action of the ventricle;  the 
piece was raised in the air, and thus kept from touching the ventricle. 
The action current could not have passed over the vascular bridge and 
thus excited the isolated piece, because the contractions of the ventricle 
and the isolated piece were not synchronous.  The same total  asyn- 
chronism is evidence that the beat of the isolated piece was not pro- 
duced by the alleged impulses discharged by nerve cells in the basal 
portion of the ventricle passing to the piece over nerve fibres accom- 
panying the nutrient vessels.  Still less can the heating of the isolated 
piece be ascribed to changes in the character of the blood supply; the 
blood which it received was  the  same normal blood  which was  sent 
to  the  rest  of  the  heart  muscle.  The  conclusion  that  these  long- 
continued,  co-ordinated contractions were  indeed  spontaneous is  un- 
avoidable. 
The apex of the mammalian heart does, therefore, possess  spontan- 
eous rhythmic contractility. W,  T.  Porter  403 
SUMMARY. 
1.  The cause of the rhythmic contraction of the ventricle lies within 
the ventricle itself. 
2.  The  cause of the rhythmic contraction is not a single, localized, 
co-ordinatlon  centre;  the  co-ordination  mechanism,  whate~er  it  may 
be, is present in all parts of the ventricle. 
3.  The integrity  of the  whole ventricle  is not  essential  to  the  co- 
ordinated contractions of a part of the ventricle. 
4.  The apex of the mammalian  heart possesses spontaneous,  rhyth- 
mic contractility. 
5.  Assuming that  the  general  belief in  the  absence  of nerve  cells 
from  the  apical  part  of  the  ventricle  is  correct,  these  experiments 
demonstrate  that  nerve  cells  are  not  essential  to  spontaneous,  long- 
continued,  co-ordinated contractions of the ventricle. 
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